Background: High phenylalanine levels in phenylketonuria (PKU) have been associated with brain oxidative stress and amino acid imbalance. Exercise has been shown to improve brain function in hyperphenylalaninemia and neurodegenerative diseases. This study aimed to verify the effects of exercise on coordination and balance, plasma and brain amino acid levels, and brain oxidative stress markers in PKU mice. Methods: Twenty wild-type (WT) and 20 PAH enu2 (PKU) C57BL/6 mice were placed in cages with (exercise, Exe) or without (sedentary, Sed) running wheels during 53 days. At day 43, a balance beam test was performed. Plasma and brain were collected for analyses of amino acid levels and the oxidative stress parameters superoxide dismutase (SOD) activity, sulfhydryl and reduced glutathione (GSH) contents, total radicaltrapping antioxidant potential (TRAP), and total antioxidant reactivity (TAR). Results: SedPKU showed poor coordination (p<0.001) and balance (p<0.001), higher plasma and brain phenylalanine (p<0.001) and increased brain oxidative stress (p<0.05) in comparison to SedWT. ExePKU animals ran less than ExeWT (p=0.018). Although no improvement was seen in motor coordination and balance, exercise in PKU restored SOD, sulfhydryl content, and TRAP levels to controls. TAR levels were increased in ExePKU in comparison to SedPKU (p=0.012). Exercise decreased plasma and brain glucogenic amino acids in ExePKU, but did not change plasma and brain phenylalanine in both WT and PKU. Conclusions: Exercise prevents oxidative stress in the brain of PKU mice without modifying phenylalanine levels. Hence, exercise positively affects the brain, demonstrating its value as an intervention to improve brain quality in PKU.
Introduction
Phenylketonuria (PKU, MIM 261600) is characterized by accumulation of phenylalanine (Phe) to toxic levels due to absent activity of Phe hydroxylase (PAH, EC 1.14.16.1). High Phe concentration can impair brain function even in early-treated PKU patients, who have shown poor cognitive function (1) (2) (3) . Although the mechanisms are not yet fully understood, oxidative stress and brain amino acid imbalance caused by high Phe levels are speculated to underlie the impaired clinical outcomes. At the biochemical level, high blood Phe disturbs the concentration of other large neutral amino acids in the brain (4, 5) . Moreover, high Phe levels have been related to oxidative stress in blood from patients (6) (7) (8) (9) (10) , in the brain of animal models of the disease (11, 12) and in in vitro experiments (13) (14) (15) (16) .
PKU treatment is based on a Phe-restricted diet, which aims to prevent high Phe concentrations in blood and tissues (17) . Although efficient in lowering Phe levels, this diet is extremely hard to follow (18) . Therefore, other treatment strategies are still needed for PKU in order to improve patients' clinical and biochemical outcomes. In this way, exercise could be a concomitant treatment in PKU. Exercising regularly can lead to peripheral and central adaptations such as strengthening brain antioxidant capacity (19) (20) (21) and improving dopaminergic and serotoninergic systems (22) (23) (24) (25) . Additionally, aerobic exercise has improved cognition in elderly individuals (26) and in patients with neurodegenerative diseases (27, 28) .
Moreover, in rats chemically subjected to hyperphenylalaninemia, regular exercise improved the brain antioxidant system (29) . However, little is known about the effects of exercise in PKU and whether it can be beneficial for patients. Therefore, this study aimed to determine the effects of voluntary exercise on behavioral and biochemical parameters in a genetic mouse model of PKU, by the means of motor coordination and balance performance, plasma and brain amino acid concentrations, and brain oxidative stress parameters.
Methods

Animals
All the experimental procedures were approved by the Animal Welfare Committee of the University of Groningen, the Netherlands. A total of 40 adult (4 months old) C57Bl/6 homozygous (-/-) PAH enu2 (PKU) and (+/+) PAH enu2 (wild type, WT) female mice were used in this experiment. WT and PKU animals were individually housed and randomly assigned to sedentary (Sed) or exercise (Exe) groups. Mice were given water and regular chow ad libitum, while kept in a 12:12-h light-dark regime and weighed weekly.
Voluntary exercise
Mice from ExeWT and ExePKU had free access to a running wheel placed in their home cage throughout the experiment, i.e., four days of acclimatization plus 53 days of voluntary training. Daily running wheel activity was calculated as described before (30) .
Balance beam test
The balance beam is a sensorimotor integration test, which focuses on hind limb functioning (31, 32) . The apparatus consisted of a 50-mm wide beam with a 'safe cage' placed at the end of it. Animals performed nonconsecutive four trials (5, 10, 40, and 100 cm) on the beam, which were recorded. The number of hind limb steps and slips was counted in the 100-cm trial using the video files.
Tissue preparation
Animals were sacrificed by cervical dislocation. Blood was centrifuged at 1,500 × g for 10 min and then plasma was harvested and stored at -80 o C. The total brain was immediately frozen in liquid nitrogen. Shortly before analysis, brain tissue was grinded in liquid nitrogen and then divided into weighed aliquots. Later, the aliquots were homogenized in specific buffers as required for each technique and sonified (30 s per sample at 11-12 W). The brain homogenates were then centrifuged at 1,000 × g for 10 min at 4 o C, and the supernatant was used for the biochemical measurements. Plasma and brain amino acid levels Brain homogenates were prepared using phosphate-buffered saline (pH 7.4) at a 1:4 weight to volume ratio (mg/µL). Plasma and brain amino acid concentrations were determined using HPLC coupled to derivatization with ninhydrin, according to the manufacturer's protocol (Pharmacia Biotech, Cambridge, UK).
Oxidative stress parameters
Cerebral tissue was homogenized in 50 mM Tris-HCl buffer containing 1 mM EDTA (pH 8.2) at a 1:10 (w/v) ratio. All measurements were normalized by protein concentration using albumin as standard (Lowry et al 1951) .
Superoxide dismutase (SOD) activity assay
This assay is based on the capacity of pyrogallol to autoxidize and on the ability of SOD to inhibit this reaction (33) . Therefore, SOD activity can be indirectly assayed spectrophotometrically at 420 nm by comparing the samples' values with a standard curve. These data are expressed as percentage of control (%SedWT).
Sulfhydryl content
5,5′dithiobis(2-nitrobenzoic acid) (DTNB) color reagent is reduced by thiols, thus generating a yellow derivative (TNB) which can be spectrophotometrically read at 412 nm (34) . Oxidation of free thiol groups in proteins leads to the formation of disulfide bonds, which will not react with DTNB. Therefore, the sulfhydryl content is inversely correlated to oxidative damage to proteins. The results are expressed as nmol TNB/mg protein.
Reduced glutathione (GSH) content
This method is based on the reaction of GSH with the fluorophore ortho-phthalaldehyde (35) . Briefly, metaphosphoric acid was used to deproteinize samples, which were then centrifuged at 1,000 × g for 10 min. Then, sodium phosphate buffer at pH 8.0 and ortho-phthalaldehyde 1 mg/mL solution were added to the samples' supernatants. After standing in the dark for 15 min, the fluorescence of this mixture was measured at excitation 350 nm and emission 420 nm. A calibration curve was made with a commercial GSH solution, and the results were expressed as µmol GSH/mg protein.
Total radical-trapping antioxidant potential (TRAP) and total antioxidant reactivity (TAR)
TRAP and TAR were determined by measuring the chemiluminescence intensity of luminol induced by ABAP thermolysis (free radical source) in a scintillation counter (36) . After adding 3 mL of 10 mM ABAP and 10 µL of 5.6 mM luminol to scintillation vials, the initial light intensity was obtained. Ten microliters of 160 µM Trolox or 30 µL of sample was added to assess antioxidant content. At this point, the luminescence intensity is practically abolished. The consumption of active antioxidants present in samples results in the return of the luminescence (TRAP). For each sample, the time required to return of luminescence (TAR) was compared to that obtained by employing Trolox under identical experimental conditions. Values were calculated as Trolox equivalents and were represented as nmol Trolox/mg protein.
Statistical analysis
The statistical analyses were performed with the Pearson's correlation coefficient, independent Student's t-test or two-way ANOVA followed by the Tukey post hoc test for multiple comparisons and repeated measures ANOVA for longitudinal analyses. The SPSS was used and p<0.05 was considered to be statistically significant. Number of animals per group varied due to technical sampling problems or due to exclusion of outliers (values that were two or more SDs away from the group mean).
Results
In order to evaluate the effects of voluntary exercise in PKU mice, we performed a study in which WT and PKU animals had free access to running wheels (Exe groups) and compared these to animals that did not have the apparatus in their home cages (Sed groups). As shown in Figure 1 , ExePKU group ran significantly less than did the ExeWT group (6,064±1,937 m/day and 10,627±4,868 m/day, respectively, p=0.018) and the effect of the genotype was significant (p=0.027). Exercise did not modify body weight (p=0.758) and both PKU groups were lighter than WT groups throughout the experiment (p=0.001) (Figure 1) . PKU animals from both Sed and Exe groups showed poor performance in the balance beam test as compared to WT mice, as shown in Table 1 . When crossing the beam, both PKU groups had a higher number of steps (p<0.001) and slips (p<0.001) in comparison to SedWT, representing deficits in motor coordination and balance, respectively. Neither Exe group differed from the Sed groups, therefore showing no exercise effect for this task. Number of steps 40 ± 3 54 ± 7* 39 ± 6 50 ± 7* Number of slips 8 ± 5 29 ± 10* 9 ± 8 27 ± 11* Figure 1 A) Body weight from sedentary (Sed) and exercise (Exe) wild-type (WT) and PAH enu2 (PKU) mice, B) daily running wheel activity ExeWT and ExePKU mice during the four-day acclimatization period (grey area) followed by 53 days of training and C) phenylalanine levels in plasma and brain of Sed and Exe WT and PKU. Data are shown as mean ± SEM (n=10/group, except for plasma phenylalanine in SedPKU where n=8). * indicates p<0.05, repeated measures ANOVA.
As shown before (37-39), Phe levels in plasma and brain of SedPKU mice were higher in comparison to respective levels in SedWT group (p<0.001). Exercise did not modify Phe levels when comparing each Exe group to its Sed control (Figure 1) . A comparison of plasma values between PKU groups showed that exercise decreased levels of alanine (p=0.038), citrulline (p=0.002), glutamine (p=0.040), glycine (p=0.006), ornithine (p=0.008) and proline (p=0.028) (Figure 2 ). Furthermore, exercise reduced brain amino acid levels in ExePKU compared to SedPKU for histidine (p=0.036), isoleucine (p=0.011), methionine (p=0.005), proline (p=0.005) and valine (p=0.010), and a positive correlation (r=0.817; p=0.004) between brain proline levels and distance run was found only for ExePKU (Figure 2) . No effects of exercise were found on plasma and brain amino acid levels for WT mice (supplemental table 1).
Regarding oxidative stress in the brain, the SedPKU group showed lower superoxide dismutase activity (p=0.029), sulfhydryl (p=0.043), GSH (p=0.007) and TRAP (p=0.003) in comparison to the SedWT group (Figure 3) . Exercise prevented those changes, so the ExePKU group reached levels similar to SedWT for SOD, sulfhydryl, TRAP and also tended to restore GSH levels (p=0.049). Furthermore, exercise led to higher levels of TAR only for the ExePKU group in comparison to the SedPKU group (p=0.012), although TAR levels were not lower in SedPKU in comparison to SedWT. No exercise effect was found for WT animals (ExeWT group). 
Discussion
To the best of our knowledge, this study was the first to evaluate the long-term effects of voluntary exercise in a genetic mouse model of PKU. The protocol used was voluntary exercise by animals having free access to running wheels in their home cages. Therefore, Exe animals could run whenever and for as long as they desired. PKU mice, although running less than controls, improved brain oxidative stress markers, while no changes in plasma and blood Phe levels were found.
The lower running wheel activity of the ExePKU group might be caused by their specific motor problems and/or early fatigue. Both SedPKU and ExePKU groups showed worse performance in the balance beam task than WT mice. As various brain regions are affected by Phe toxicity (15, 40) , the balance beam findings indicate possible motor cortex and cerebellum impairments in this PKU mouse model. Voluntary training has been effective in improving motor performance in the rotarod test in healthy mice (41) . However, the exercise used in the present study did not improve balance beam outcomes in both PKU and WT groups. In this way, perhaps this exercise protocol was not able to address those skills specifically necessary for crossing a narrow beam. On the other hand, the exercise used in the present study decreased plasma glucogenic amino acid levels only in the PKU mice. Skeletal muscles produce alanine to get rid of nitrogen groups during amino acid catabolism, thus preventing accumulation of ammonia to toxic levels (42) . The lower plasma levels of alanine, glutamate precursors (glutamine and proline), and urea cycle intermediates (ornithine and citrulline) in ExePKU may indicate that trained PKU mice did not have an efficient nitrogen buffering mechanism. Supporting this hypothesis, supplementations of ornithine, citrulline, and glutamine have shown to postpone fatigue by decreasing blood ammonia in rodents (43) (44) (45) . In this way, the PKU mice in the present study might have run less than WT due to fatigue, besides motor problems.
Exercise decreased brain levels of glucogenic amino acids, including branched-chain amino acids (BCAA) that were not changed in plasma. Lower availability of brain large neutral amino acids in PKU has been related to the clinical problems caused by high Phe levels, and this can be explained by the a critical imbalance in the competition to cross the blood-brain barrier when Phe is relatively more concentrated (4). However, in the present study, among the amino acids that were decreased in plasma of ExePKU mice, proline was the only amino acid also decreased in the brain in comparison to SedPKU. Moreover, as concentrations of Phe and other large neutral amino acids did not change in the brain due to exercise, competition between aromatic amino acids and BCAA might not have hampered BCAA uptake in ExePKU in comparison to SedPKU. This observation could indicate an increased amino acid metabolism to yield energy, as the brain has high activity of the key enzymes especially for BCAA catabolism (46) . Furthermore, brain proline levels show a positive correlation with the daily distance run only for PKU mice (r=0.817; p=0.004); therefore, the amount of running, and hence the amount of training, might have influenced this result.
The PKU mouse model used in this study showed oxidative stress in the brain by lower levels of SOD activity, sulfhydryl, and GSH contents and TRAP levels, which was mostly prevented by the voluntary exercise. Solverson et al. (38) have found metabolic stress in the same strain of PKU mice (C57BL/6). As the brain is the most affected organ in PKU, our results corroborate the already stated hypothesis that oxidative stress is involved in the pathophysiology of the disease (47) . While exercise did not change any oxidative stress parameter in the control (WT) mice, the PKU group benefitted from exercising. ExePKU had SOD, sulfhydryl content and TRAP restored to control levels, and increased TAR in comparison to SedPKU. In this study, PKU animals that voluntarily exercised showed similar oxidative stress parameters to those of controls, thus preventing the impairments caused by PKU without changing brain Phe levels. Previous research on voluntary wheel running has shown enhancement of antioxidant enzymatic activity in arteries of old mice thus preventing age-related oxidative stress (48) . Furthermore, exercise has been shown to prevent oxidative stress in the brain of animal models of neurodegenerative diseases (49, 50) as well as in hyperphenylalaninemia (29) . In the same way, exercise improved brain oxidative stress parameters in PKU animals in the present study.
The focus of PKU treatment strategies should not only be on reducing Phe but also on enhancing central parameters that are impaired by high Phe levels (51, 52) . In this way, the intermittent stress caused by exercise might be able to overcome high Phe issues and improve PKU outcomes. Moreover, even though PKU animals showed less physical activity than WT mice, only the PKU group showed changes in amino acid and oxidative stress levels. Therefore, PKU mice were more responsive to exercise effects. Future studies might evaluate the effects of exercise when introduced at early ages as well as in male mice, therefore shedding light in the importance of physical activity in this population. Although therapeutic strategies in PKU primarily address high Phe-related problems, the beneficial effects of exercise on other PKU-related problems as shown here should open new avenues in combined treatment strategies.
Conclusions
Exercise decreased levels of glucogenic amino acids in plasma and brain of PKU mice, but did not improve motor coordination or balance. Voluntary exercise training prevented oxidative stress in the brain of PKU mice without changing Phe levels in the plasma or brain. Therefore, exercise may be a concomitant strategy for PKU patients to improve brain redox status and hence brain biochemistry and function.
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Supplemental table 1
Other amino acid levels in plasma (n=10 for SedWT, ExeWT and ExePKU, and n=8 for SedPKU) and brain (n=10/group). Results are expressed as mean ± SD. * indicates p<0.05 different from SedWT (Tukey post hoc). Data shown in the manuscript are in italic.
SedWT SedPKU ExeWT ExePKU SedWT
